Virginia Commonwealth University

VCU Scholars Compass
Chemistry Publications

Dept. of Chemistry

2014

Wetting transparency of graphene in water
J. Driskill
D. Vanzo
D. Bratko
Virginia Commonwealth University, dbratko@vcu.edu

A. Luzar

Follow this and additional works at: https://scholarscompass.vcu.edu/chem_pubs
Part of the Chemistry Commons
© 2014 AIP Publishing LLC

Downloaded from
https://scholarscompass.vcu.edu/chem_pubs/107

This Article is brought to you for free and open access by the Dept. of Chemistry at VCU Scholars Compass. It has
been accepted for inclusion in Chemistry Publications by an authorized administrator of VCU Scholars Compass.
For more information, please contact libcompass@vcu.edu.

THE JOURNAL OF CHEMICAL PHYSICS 141, 18C517 (2014)

Wetting transparency of graphene in water
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Measurements of contact angle on graphene sheets show a notable dependence on the nature of the
underlying substrate, a phenomenon termed wetting transparency. Our molecular modeling studies
reveal analogous transparency in case of submerged graphene fragments in water. A combined effect
of attractive dispersion forces, angle correlations between aqueous dipoles, and repulsion due to the
hydrogen-bond-induced orientation bias in polarized hydration layers acting across graphene sheet,
enhances apparent adhesion of water to graphene. We show wetting free energy of a fully wetted
graphene platelet to be about 8 mNm−1 lower than for graphene wetted only on one side, which gives
close to 10◦ reduction in contact angle. This difference has potential implications for predictions
of water absorption vs. desorption, phase behavior of water in aqueous nanoconfinements, solventinduced interactions among graphitic nanoparticle and concomitant stability in aqueous dispersions,
and can influence permeability of porous materials such as carbon nanotubes by water and aqueous
solutions. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895541]
I. INTRODUCTION

Because graphene is extremely thin, the wetting contact
angle on a graphene sheet usually reflects the properties of
the supporting substrate. There is an ongoing debate about
the degree of “wetting transparency” of supported graphene.1
Recent measurements cover a broad range from complete
transparency, where graphene coating produced only a minor
deviation from the contact angle of pure substrate,2 to poor
transparency with weak,3 or partial4 dependence of the contact angle on the nature of the supporting material. According
to the Young-Dupré equation
γ (1 + cos θ ) = −#,

(1)

the contact angle (θ ) of a graphene-coated substrate depends
on the combined adhesion strength, #, which reflects attraction of water by graphene and the substrate (γ is the liquid/vapor surface tension).2, 5 Attraction by the substrate itself is generally weakened in comparison to its pristine form
because of the increase in the substrate/water separation following the insertion of graphene. For a multilayer substrate,
thicker than the range of its interaction with water, the effect
of graphene coating is essentially equivalent to the replacement of a thin layer on top of the of substrate by graphene. The
deviation of the contact angle away from that of pure substrate
is considerable when there is enough contrast, with graphene
either much more, or much less hydrophilic than the substrate.
Some authors interpret the observed change in contact angle
due to graphene coverage as lack of wetting transparency4, 6
or (partial) wetting opacity. In addition to its hydrophilicity,
the impact of the substrate critically depends on the range
of its attraction to water, and the thickness of graphene layer
(monolayer vs. multiple layers).2, 5
A related manifestation of wetting transparency is the difference between the contact angle on a graphene sheet placed
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on supporting material and (hypothetical) contact angle on an
unsupported (suspended) graphene layer. This difference is
relevant because experimentally the contact angle can only be
measured when graphene is supported by another solid. Replacing empty space under graphene by a substance will introduce additional attraction with general outcome of contact
angle reduction. Assuming pairwise additivity of molecular
interactions, the change in cosθ should be dominated by the
properties of the substrate, specifically its affinity and range
of attraction to water.
In the present work we quantify the wetting transparency
effect for graphene in water. We address the question: Does
water on the other side of graphene affect the apparent water/graphene adhesion, and if so, by how much? Through a
mean field estimate and atomistic simulation, we demonstrate
it is easier to wet graphene from both sides compared to only
one side. We find the contact angle difference is of the order
of 10◦ . Depending on conditions of preparation, laboratory
measurements of graphene contact angle give contact angles
both below and above 90◦ . Within this window of contact angles, transparency effect can alter qualitative behavior of water confined between graphene plates, e.g., capillary evaporation (θ > 90◦ ) vs. capillary condensation.
Our observation affects the interpretations of results from
a number of simulation studies. Graphene surfaces have become a standard wall material in modeling aqueous confinements. To consider confinement/bulk equilibria, many in
silico experiments consider confinements inside an aqueous
bath. Wetting from both sides has typically been considered in
molecular dynamics (MD) simulations, where graphene lattice has been used in modeling hydrophobic confinements.7–16
For graphene walls wetted from the outer side of the confinement, the effective water wall affinity and wettability are increased, compared to that of pristine graphene and a subtle
change of wettability can make a significant difference.17
In a practical simulation, a change in the effective contact
angle can be absorbed in the empirical force field; however,
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this may necessitate ad hoc reparameterizations for the same
material, or has to be kept in mind in interpreting each specific
situation.
The results presented here are also relevant to experimentally observed situations with water penetrating between
graphene and supporting substrate.18 Since penetration is only
partial, wetting transparency should result in a surface with
heterogeneous wettability reflecting the underlying substrate
and sporadic patches invaded by water. When the penetration
is limited to a monolayer of water, the wettability above the
patch can potentially reflect three materials, graphene, water,
and the substrate.
In an additional example, we replace graphene by butylcoated graphane19 to draw a parallel to laboratory measurements on graphene with hydrocarbon contamination. In
agreement with the experiment,4 the additional thickness due
to planted alkyl tails proves sufficient to suppress the apparent
wetting transparency of pristine graphene sheets.
The paper is organized as follows: In Sec. II we estimate
the magnitude of the wetting transparency effect for graphene
and butylated graphane19 in water using a mean-field approximation. The method gives us the upper bound to the contact
angle reduction comparing both surfaces having water on both
sides as opposed to only on one side. We then proceed to describe the models and the method used in contact angle calculations in Molecular Dynamics simulations (Sec. III). Results
and discussions are found in Sec. IV, and Sec. V concludes
the paper.
II. MEAN-FIELD ESTIMATES OF WETTING
TRANSPARENCY

The aqueous slab under graphene plate (substrate) contributes additional attraction exerted on water molecules in a
droplet. As a result, contact angle θ changes to θw according
to the generalized Young-Dupré equation:2, 5
γ (1 + cos θW ) = −(# + #W )

(2)

or
$ cos θ =

−#W
γ

(3)

Here #W reflects the attraction between the drop’s water
molecules and the molecules in the aqueous slab underneath
the graphene sheet. What are the relevant interactions? The
leading attractive contributions come from dispersion (van
der Waals) forces and from orientational correlations between
permanent dipoles. In addition, there is a repulsive contribution associated with spontaneous angular preferences of
water molecules in the first hydration layers on each side
of the graphene sheet. Hydrogen bonds do not reach across
graphene. We presume full additivity of interactions. Under
this assumption, we estimate #W as a sum of three terms.
Two attractive terms, #vdW and #µµ , reflect attractive van
der Waals and electrostatic forces from dipole-dipole correlations between water molecules above graphene with all water molecules underneath it. The third term, #p , accounts for
unfavorable dipolar interaction due to opposite orientational
bias of hydration layer molecules across graphene.

The van der Walls attraction of our model of water is
contained in the attractive part of the Lennard-Jones (LJ)
potential,
! 6 "
σOO
.
(4)
uvdW (r) ∼ −4εOO
r6

The short ranged repulsion between water molecules across
graphene is minute over even the distance separating√the 1st
hydration layers on both sides of graphene, d ∼ 2 6 2σCO .
εOO is the LJ energy parameter for water oxygen, and σ OO
and σ CO are effective size parameters for oxygen-oxygen and
oxygen-carbon pairs. In our system, εOO = 650.1 J/mol, σ OO
= 3.1656 Å and σ CO = 3.19 Å, d = 7.15 Å.
We obtain the van der Waals attraction of a single
droplet molecule at the distance h away from a semivdW
(r)
infinite slab
√ of water beneath graphene by integrating u
ww
2
%2
=u ( h +r )
#∞ #∞ $
vdW
w
(h) & ρ
u( z2 + r %2 )dz2π r % dr %
z=h r % =0

=

6
−8πρεOO σOO

#∞ #∞

z=h

r % =0

dzr % dr %
,
(z2 + r %2 )3

(5)

where we presume approximately uniform number density ρ.
The integrated van der Waals contribution20 to the potential
of mean force is then21
6
2πρ εOO σOO
w vdW (h) = −
.
(6)
3
h3
Lastly, to calculate the van der Waals contribution, #vdW , of
all droplet molecules at heights d ≤ h ≤ ∞ to the adhesion
strength requires integration
# ∞
6
2πρ 2 εOO σOO
vdW
=ρ
w vdW (h)dh = −
.
(7)
#
6
d2
d

Using bulk density of water, ρ ∼ 1/30A3 , we obtain #vdW
∼ −0.0025 Jm−2 .
The main contributions to electrostatic water-water interactions are dipole-dipole, dipole-quadrupole, and quadrupolequadrupole interactions.22 In the first approximation, we only
consider the dipolar term because it has the longest range
and should therefore dominate at distances ≥d. Actual dipole
correlations across graphene may be reduced because of restricted rotations of H-bonded molecules. In what follows, we
estimate the upper limit of the correlated dipole-dipole interaction, obtained in the absence of orientational restrictions.
In this scenario, a pair of correlated dipoles interacts with an
angle-averaged pair potential of mean force
!
"2
µ2
1
,
(8)
βuµµ (r) & −
3 4π εo r 3 kT

where β = 1/kT. We obtain this result from the angle-averaged
cumulant expansion,23
βuµµ (r) = − ln*e−βu(r,!1 ,!2 ) +
"
!
*βu(r, !1 , !2 )+2
∼
+. . . .
= − ln 1−*βu(r, !1 , !2 )++
2

(9)
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Above, uµµ (r, *1 , *2 ) is the interaction between a pair of
dipoles with orientations !1 and !2 at distance r. In this expansion, odd terms vanish by symmetry. Hence Eq. (8) corresponds to the truncation of the 4th and higher terms.
To sum up the interactions between a molecule above
graphene with all the molecules underneath, we perform the
integration over the half-space below graphene identical as
described in Eqs. (5) and (6). Replacing the van der Waals interaction uvdW (r) by uµµ (r), we obtain the integrated potential
βwµµ (h) = −

πρ
18h3

!

µ2
4π εO kT

"2

,

(10)

hence the dipole-dipole contribution, #µµ , to net adhesion is
! 2 "2
# ∞
µ
πρ 2
µµ
µµ
# =ρ
w (h)dh = −
. (11)
2
36d kT 4π εO
d

For SPC/E water used in this work, dipole moment µ
= 0.7841 × 10−30 Cm, #µµ ∼ −0.014 Jm−2 .
While molecules in first hydration layers feature a broad
angular distribution, an orientational bias optimizing hydrogen bonding gives rise to nonzero average of the normal
component *µz + = µ*cosϕ+ ∼ 0.37 µ.24 For a pair of water molecules facing each other across graphene, orientation
bias adds a repulsive energy term wp :
βwp ≈

2µ2 *cos ϕ+2
,
4π εo d 3 kT

(12)

which, after division by surface area per water molecule,
a ∼ 8 Å2 , obtains the reduction in adhesion strength
#p ∼ 0.0051 Jm−2 .
The reduction in contact angle due to the presence of water underneath graphene is then approximately
$ cos θ ≈ −

(#vdW + #µµ + #p ) ∼
= 0.180
γ

(13)

or
$ cos θ
& −10◦ .
(14)
sin θ
Here, we presumed initial contact angle θ = 77◦ . Because of
the factor sinθ −1 in Eq. (14), other choices of the initial contact angle in the usual interval of 90◦ ± 15◦ could alter $θ by
up to 0.35◦ . Note that our simple estimate represents the upper limit of the total effect, as the orientational restrictions of
water molecules are not taken into account. Specifically, such
restrictions might weaken the contribution of dipolar correlations estimated in Eqs. (8)–(12), leading to smaller $θ .
In case of butylated graphane,16 the distance between hydration layers is considerably increased because of additional
length of butyl chains. From the simulated density profiles of
butylated graphane in water, we estimate d ∼ 12 Å, as opposed to ∼7 Å for graphene. As shown, the main contributions to #W (Eqs. (7) and (11)) scale ∝ 1/d2 , hence we can
expect ∼ (12/7)2 ∼ 3 times weaker effect, with the contact
angle reduction due to the aqueous slab below the graphene
layer $θ ∼ −3◦ or smaller.
It is interesting to compare these estimates with direct
molecular simulations, which we present below.
$θ & −

III. MOLECULAR DYNAMICS SIMULATIONS: MODELS
AND METHODS

Our model graphene surface consists of a single 123 Å
× 119 Å rigid layer obtained by arranging 5600 LennardJones (LJ) carbon atoms on a hexagonal pattern with lattice
constant of 1.42 Å.25 To avoid possible finite size effects, the
surface is periodically infinite along the xy plane. In addition
to the pure graphene, under the surface, we also considered a
uniform layer of water with 7.6 Å or 13.1 Å thickness (measured between Gibbs dividing surfaces).
For water we use the extended single point charge
(SPC/E) model.26 In addition to its reliability in describing the interfacial and dielectric properties of water,27–32
it conveniently allows a direct comparison with previous
works.2, 5, 16, 19, 25, 33–35 Our results presented in Table I are
obtained using conventional 12-6 LJ potential between water oxygens and carbon atoms, σ CO = 3.19 Å and εCO
= 0.4389 kJ mol−1 . According to case 12 of Table II in
Ref. 25 for a spherical drop with over 8 × 103 molecules (the
biggest size reported and hence closest to the semi-infinite
cylindrical drop we use in this work), these parameters gave
graphite contact angle of 81.1◦ .
There has been a continued debate about the contact angle of water on graphene and graphite as precise surface morphology and extent of contamination depend on the material
preparation. Experimental contact angles have therefore been
reported in a rather wide range,36–40 from 73◦36 to as high
as 127◦ .40 This uncertainty impacts empirical force fields for
water-graphene interactions, which are often selected by targeting the likely contact angle of pure graphene with minimal surface imperfections. Because of their influence on water structure next to the substrate, water-carbon force fields
could also have an indirect effect on water-water interactions
across graphene. To examine any influence of water-carbon
attraction on calculated wetting transparency, we include results for an interval of LJ strengths characterized by εCO values from 0.19 to 0.51 kJ mol−1 , which cover reported contact angle values from different sources. Without deciding on
the “true” contact angle, for our prototypical system we use
εCO = 0.4389 kJ mol−1 as it conforms well to the most recent value of 79◦ proposed for the contact angle on chemically
pure graphene4 (∼77◦ for a cylindrical drop in this work).
The LJ potential is truncated and shifted at either 9 Å,
12 Å, or 15 Å in order to test the dependence of the equilibrium contact angle at increasing dispersion interactions with
the underlying slab. We use cutoff of 12 Å in the remainder of
the study. Due to the low hydrophilicity of the graphene layer,
the thin water slab below the surface can be relatively unsta-

TABLE I. Summary of acquired contact angles for different water slab
thicknesses and short-range interaction cutoff radii rc . σ CO = 3.19 Å. εCO
= 0.4389 kJ mol−1 .
Water slab/Å

rc = 9 Å

12 Å

15 Å

0
7.6
13.1

90◦ ± 1◦
79◦ ± 1◦
78◦ ± 1◦

77◦ ± 1◦
70◦ ± 1◦
71◦ ± 1◦

75◦ ± 1◦
68◦ ± 1◦
68◦ ± 1◦
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FIG. 1. The semi-infinite hemi-cylindrical water droplet atop a graphene-like sheet (grey) without (left) or with a layer of water (water slab) of thickness
13.1 Å placed below the sheet. Snapshots are taken after 2 ns simulation at 300 K.

ble and its water molecules tend to accumulate in the region
underneath the nanodrop. In order to keep the slab thickness
uniform, below the slab we introduced an implicit wall interacting with the water molecules through a harmonic repulsion
with force constant of 41.8 kJ mol−1 Å−2 and the interaction
cutoff of 3 Å. The distance between the repulsive wall and
the bottom of the graphene plate is sufficient that the mean
density profile of the water slab is not perturbed by the wall
presence. A second wall is also placed at the top boundary
of the simulation box to prevent the escape of vapor water
molecules along the non-periodic z direction. The details of
auxiliary walls placement and the precise form of the repulsive potential bear no effect on the calculated wetting behavior on graphene.
To evaluate the effect of the underlying water slab on
graphene wettability, we measured the equilibrium contact
angle of a cylindrically shaped sessile nanodrop41–43 containing ∼6.4 × 103 water molecules with the main (longitudinal)
axis oriented along the x direction, as shown in Fig. 1. The
drop is periodically replicated along the axial direction. Cylindrical nanodrop geometry is chosen to minimize line tension effects. As demonstrated by previous simulations of both
LJ42, 44 and water nanodrops,25, 43 the high curvature of the
triple line on hemispherical nanodroplets induces a contact
angle deviation from what is predicted by the Young equation.
For small drops (base radius below 25 Å25, 33 ) we estimate
the magnitude of such deviation of up to 5◦ by comparing
the Young contact angles from thermodynamic integration45
or pressure tensor calculations46 to the geometrical ones.33
Cylindrical nanodrops on the other hand have shown negligible dependence of the measured contact angle on drop size
regardless of the interfacial tension.43
To calculate the contact angle we modified the technique
presented by de Ruijter et al.19, 47 . The insight on the spreading dynamics provided by this method is a significant advantage over the commonly employed contact angle calculation
from time averaged density profile. In addition to the absence
of line tension effects, the advantage of the hemicylindrical
nanodroplet is that, for a given solid surface area, the number
of water molecules in the drop is higher than for a hemispherical drop, providing a better statistics for the definition of the
drop profile.
Each simulation begins with the equilibration of the underlying water slab for 500 ps. Drop spreading is then simulated for 2 ns. It takes about 400 ps to equilibrate a drop

when starting from an artificial (on lattice) configuration, or
under 200 ps for an equilibrated drop to adjust to a different
surface.19 For each system configuration we divided the hemicylindrical drop transversally into three slices to remove possible effects due to the long range triple line fluctuation. The
profile for each slice has been calculated through a square binning of the local number of water molecules on the yz plane
with a 2 Å resolution. The equimolar dividing surface is defined according to the decrease of the water density below
50% of the density inside the drop. The contact angle is then
calculated from the best circular fit of the profile as described
in Ref. 48.
Since the drop profile presents distortions near the triple
line,42, 47 we excluded from the fit all the points lying below a
defined threshold. This empirical cutoff is taken as the position of the second peak in the density profile (Fig. 2) plus one
half the separation between the first two peaks. The profile is
calculated on the 10 Å thick section of the drop, parallel to the
y direction and symmetric with respect to the nanodrop center
of mass. From the same density profile, we find the position
of the reference contact plane at one oxygen radius below the
first density peak.
All the simulations are performed using the large-scale
atomic molecular massively parallel simulator (LAMMPS)
MD code49 in the NVT ensemble. The temperature is kept
constant at 300 K using the Nose-Hoover thermostat50 with a

FIG. 2. Density profiles of water inside cylindrical sessile droplets at different thicknesses of the water slab below graphene sheet. The plot shows each
profile in relation to the z-dimension of the system box. The density (y-axis)
is normalized to the bulk portion of the droplet. Inset: 1st hydration layer
peaks in expanded scale.
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relaxation time step of 0.2 ps. The Velocity Verlet integrator
is used with a time step of 2 fs. Graphene atoms positions are
held fixed throughout the whole simulation by zeroing their
velocities and the forces acting on them. For this reason, the
system temperature calculation is restricted only to the water molecules. To further increase the computational speed
the graphene self-interactions are neglected. Long-range
electrostatic interactions are computed using the particleparticle-particle-mesh (PPPM) solver, with 10−5 accuracy.
The real-space cutoff for electrostatic interactions matches
the LJ cutoff of the specific simulation. Since the system is
periodic only along xy directions, a correction term is added
according to the Yeh and Berkowitz adaptation51 with a threefold volume expansion factor in z direction.
IV. RESULTS AND DISCUSSION
A. Binding energies of water on graphene

In addition to our primary choice of LJ parameter εCO
= 0.4389 kJ mol−1 , we present results for a range of watergraphene interaction strengths. We do so to answer a fundamental question about whether the variation of this strength
can modulate the wetting transparency. The broad spread of
both, the experimental contact angles and theoretical predictions of adsorption energies currently available for water on
graphene provide an additional motivation.
As the simulation results depend on a particular force
field, it is of interest to compare our potential with recent ab initio predictions for water/graphene interactions.52–55
These works quantify graphene affinity for water in terms
of a single water molecule binding energy on an extended
graphene plane. We estimate the binding energy for our simulation model by integrating the empirical pair potential of a
molecule at the height h over the area of an extended sheet56, 57
with uniform surface density of carbon atoms ρ s ∼ 38 nm−2 :
#
U (h) = ρs udS
S

= 8πρS εCO
=

#∞ %
0

2
4πρS εCO σCO

&
6
12
σCO
σCO
r % dr %
−
(h2 + r %2 )6
(h2 + r %2 )3

% '
&
1 σCO (10 1 ' σCO (4
−
5
h
2
h

ported ab initio values between 3.05–3.4 Å for hmin 52, 55 and
2.7–2.9 Å for ho .52 The binding energy value, on the other
hand, is below ab initio predictions which range from Diffusive Monte Carlo and Random Phase approximation values
of −1.61 or −2.26 kcal mol−1 of Ref. 53 to DFT results of
−2.5 kcal mol−155 and −2.8 kcal mol−1 ,52 all for optimized
position and orientation of a single water molecule on the
surface. Car-Parrinello calculation of Ref. 54, which avoids
this restriction, reports a position- and orientation-averaged
binding energy between 1–2 kcal mol−1 . Wu and Aluru55
used DFT interaction profiles between graphene and water to parameterize the classical LJ potential. The resulting
force field, however, strongly underestimates water contact
angles suggesting that single molecule ab initio potentials
may not be satisfactory for use in condensed phase calculations along with pairwise additivity approximation. A more
rigorous comparison between ab initio and empirical potentials, fitted to condensed (liquid) phase properties, would require DFT calculations of binding energies in liquid water
at ambient conditions. So far, such calculations were performed only at high temperatures (400 K) using DFT/PBE
functionals36, 54 and did not report the binding energy in condensed (liquid) phase. The lack of ambient temperature data is
due to the fact that van der Waals dispersion interactions cannot be accurately reproduced by semi-local functionals such
as PBE or BLYP. DFT/PBE water at ambient conditions turns
out to be too structured and freezes.54
As ab initio potentials present a rather wide window
of binding strengths and would require adjustments for use
in a pairwise additive force field, we rely on the empirical
parameterization of the LJ potential following Ref. 25. We
present results for contact angles of water on graphene for
a set of oxygen-carbon energy parameters εCO collected in
Table II. We note a difference between our results for water on graphene and the original calibration for graphite provided by Werder et al.25 In addition to different substrates,
this difference reflects several methodology improvements,
the most significant being the use of Ewald summation to
avoid the cutoff (10 Å in Ref. 25) of electrostatic interactions, and the choice of cylindrical drop geometry19, 41 to eliminate the finite-size effects associated with line tension. We
also use an increased cutoff of 12 Å for short-ranged (LJ)
interactions (10 Å in Ref. 25). As shown below, our cutoff

(15)

For the model and selected LJ parameters, U(h) vanishes
) *1
at the height ho = σCO 25 6 = 2.74 Å and passes through
)1 1*
2
−2
minimum at hmin = 3.19 Å, U (hmin ) = 4πρs εσCO
5
−1
= −1.54 kcal mol . Only a small inaccuracy can be attributed to the use of continuum estimate, as opposed to
explicit summation over discrete lattice. The same approach
applied to a two-layer graphite model of Ref. 58 reproduces
the binding energy within 4% from the reported58 value of
−1.74 kcal mol−1 . In this and the following paragraph, we
express the binding energy in kcal mol−1 to facilitate comparisons with literature data from ab initio calculations.
The optimal binding distance, hmin , and zero-potential
distance, ho , of our empirical potential are close to re-

TABLE II. Contact angles θ for different values of εCO . θ c refers to
measurements without a water slab underneath the graphene sheet and
θ w correspond to 13.1 Å layer of water placed underneath graphene.
σ CO = 3.19 Å.
Contact angles
ε CO

/kJ mol−1

0.1951
0.2727
0.3625
0.3913
0.4389
0.4815
0.5208

θc
127◦
111◦
92◦
87◦
77◦
69◦
59◦

± 1◦
± 1◦
± 1◦
± 1◦
± 1◦
± 1◦
± 1◦

θw
120◦
105◦
86◦
81◦
71◦
61◦
52◦

± 1◦
± 1◦
± 1◦
± 1◦
± 1◦
± 1◦
± 1◦
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length secures convergent results for the contact angle change
associated with the presence or absence of water beneath the
graphene sheet supporting the droplet.
B. Influence of water beneath graphene on the
contact angle and wetting free energy of water

Unlike conventional methods for the calculation of timeaveraged nanodroplet contact angle, our method19 provides
estimates of instantaneous contact angle and hence allows us
to visualize perpetual fluctuations associated with nanoscale
droplet size. Fig. 3 illustrates the time dependence of calculated contact angle of an axially infinite cylindrical drop
on a graphene sheet for three different situations: (a) suspended graphene with empty space on the bottom side, (b)
graphene above an aqueous slab of width 7.6 Å, and (c)
graphene above 13.1 Å wide slab of water. We use carbonoxygen interaction with LJ εCO of 0.4389 kJ mol−1 and
the LJ cutoff 12 Å. As shown, up to 0.4 ns is sufficient
for equilibration; the following 1.8 ns is used for production. The variance of individual reading is in the range of
4◦ –5◦ and the variance of the mean is estimated at ∼1◦
where we presume the production run to contain about 15
to 20 uncorrelated intervals. This implies ∼0.1 ns as a typical relaxation time of contact angle fluctuations. Time averaged contact angles are collected in the middle column in
Table I, where we also present contact angles for two other
cutoff lengths, 9 and 15 Å. Comparison between two different
slab widths of 12 Å and 15 Å shows the results are essentially
converged and even the smaller slab thickness produces an accurate result. A weak dependence on the LJ cutoff persists; as
LJ
= 12 Å,
in previous works, we therefore treat our choice, rcut
as integral part of model parameterization.
In examples presented in Table I, the addition of the aqueous layer beneath graphene causes a reduction in the nanodroplet contact angle between 7◦ –11◦ , where the smaller
value appears converged both with respect to the cutoff length
and the width of the aqueous slab. The difference corresponds
to a reduction in graphene wetting free energy by 7.5 mJm−2 ,
about one third of the (positive) wetting free energy of hydrocarbon. While not as strong as seen with metallic substrates,

FIG. 3. Contact angle evolution for a drop containing ∼6.4 × 103 water
molecules at 300 K on graphene surface. The contact angle of each hemicylindrical droplet is considered equilibrated after 400 ps. In the three systems shown the thickness of the water slab varied from 0 to 13.1 Å.

TABLE III. Equilibrium contact angles calculated for a cylindrical drop in
contact with a butyl functionalized graphane surface19 at two different εCH3;
σ CH3 = 3.905 Å, LJ cutoff of 20 Å. θ c refers to measurements without water
under the functionalized graphane sheet and θ w correspond to 13.1 Å layer
of water placed underneath the sheet.
ε CH3 /kJ mol−1
0.4183
0.7320

θc

θw

110◦ ± 2◦
105◦ ± 3◦

111◦ ± 3◦
105◦ ± 2◦

e.g. copper, which attract water trough long-ranged (∝ r−3 )
dipole/induced dipole image forces,59 the apparent wetting
transparency effect in water is sufficient to change the character of a porous graphitic material. For realizable graphitic
structures with contact angle above 90◦19, 38, 40, 57 the presence
or absence of water in adjacent pores could tip the balance
of vapor-liquid competition in confinement or surface desorption vs. condensation on a surface. Similarly, distinction
between externally wetted or dry surfaces and associated deviation from the nominal contact angle of the wall material
should be taken into account in interpretations of simulation
studies of graphitic aqueous confinements.
Laboratory measurements on hydrocarbon-contaminated
graphene show a marked reduction in its wetting transparency,
a change attributed to added thickness of the sheet.4 Our simulations confirm a similar width effect in case of butylated
graphane19 (a saturated derivative of graphene),60 where the
distance between hydration layers, d, is increased because of
additional length of planted butyl chains. From the simulated
density profiles of butylated graphane in water, we estimate
d ∼ 12 Å, as opposed to slightly above 7 Å for graphene. In
Table III we report MD simulation contact angles on butylated graphane with or without an aqueous layer beneath the
sheet. We consider two different parameterizations for the terminal methyl group in united atom representation (Table III).
Within the statistical uncertainty, we find no detectable difference in the contact angle between the systems with or without
aqueous phase under the graphitic sheet.
Enhanced attraction of water droplet molecules due to
the presence of water under the graphene layer could potentially be detected by monitoring wall/water distribution functions. In Fig. 2, we compare water density profiles of water
molecules inside the drop’s base for the three cases described in the 2nd column of Table I. The ∼2% increase in
the 1st hydration layer peak heights, shown in the inset in
Fig. 2, is about four times bigger than the statistical uncertainty deduced from the fluctuations in the bulk portion of the
droplet. This change, associated with the presence of water
slab below graphene, is commensurate with the change in the
free energy over projected area, a, of a hydration molecule,
a# ∼ − 0.25 kT.
Stronger transparency effects can be inferred from modulated hydration layer peaks on the outside of graphitic confinements containing electrically polarized water (see Fig. 7
in Ref. 10, Fig 9 in Ref. 16). In these cases, polarization of
confined water by applied field induces longer-ranged electrostatic attractions on field-free bath water. Notable changes
in hydration water density peaks on the bath side reveal strong
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FIG. 4. A plot of cosθ , where θ is the contact angle of a cylindrical sessile
droplet, versus the potential well depth εCO of the 12-6 Lennard-Jones potential. We compare contact angles of two systems, one with 13.1 Å thick water
slab under graphene sheet and one without. Error bars are within the size of
the symbols. Lines are guides to the eye.

asymmetry due to opposite signs46 of angle bias61, 62 associated with hydrogen bonding in interfacial water.
As mentioned, experimental value of the contact angle
on neat graphene remains uncertain. The uncertainties are
associated with imperfect morphology and possible contaminations. In the absence of a firm consensus, necessary
for a definitive empirical parameterization, in Table II we
present contact angles θ on unsupported graphene, and angles θ w for graphene supported by a 13.1 Å water slab,
calculated by using set of energy parameters εCO between
0.195–0.519 kJ mol−1 . This parameter range covers all
graphene contact angles from recent literature. Corresponding
values of the cosine of contact angle are compared in Fig. 4.
The main message from these results is that the transparency
effect, $cosθ , remains virtually independent of the strength
of graphene-water interaction. This finding is consistent with
the assumption of adhesion strength additivity, Eq. (2), discussed in earlier analyses in the literature.2, 5, 6, 40 Successful
interpretations of experimental contact angles indicate6 that
the additivity assumption represents a viable approximation
for predictions of wetting transparency effects on graphene.
This conclusion is reinforced by a recent computational
study63 comparing simulation results for graphene/water interfaces modeled by pairwise additive and polarizable force
fields. In the absence of ionic species, only minor differences
between the two approaches have been observed.63 Polarizable force fields could, however, be advantageous in a study
of wetting transparency in electrolyte solutions and in particular for highly polarizable ions with considerable adsorption
propensity.64, 65
V. CONCLUSIONS

Interactions among water molecules are of sufficiently
long range to be felt across a graphene sheet surrounded by
liquid water. Using simple mean-field arguments, and fully
atomistic simulations, for a free standing sheet with no support by another solid, we show that the wetting free energy
is lower when the sheet is wetted on both surfaces rather
than on one side only. The contact angle of a water droplet
on a graphene monolayer placed on water is about 7◦ lower
than in the absence of water underneath graphene. Wetting

transparency1, 2, 6 rapidly decays with the thickness of the surface and is essentially insignificant when about 5 Å hydrocarbon coating is planted on the surface. This simulation result,
obtained using butylated graphane (a saturated derivative of
graphene), explains the rapid decrease in wetting transparency
observed experimentally on graphene exposed to hydrocarbon contamination.4 Depending on its preparation, graphenebased materials can have contact angle above 90◦ . In these
cases, wetting transparency in water can even affect qualitative properties, e.g., by favoring capillary condensation.
Based on additivity arguments for water adhesion,2, 5, 57 our
findings can be generalized to predict wettability changes
for graphitic structures with nonplanar geometries, including
single wall carbon nanotubes, (open) fullerenes,66 and high
porosity graphitic materials wettable on both sides of single
layer carbon lattices.
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